The present study deals with the effectiveness of nitric oxide (NO) on some biophysical and biochemical variables in Vigna radiata subjected to lead (Pb) toxicity. Pb adversely affected seedling growth and biochemical parameters of the test crop. The seedlings were grown in soil supplemented with graded concentrations of Pb. Pb toxicity caused a marked decrease in growth. Seedlings growth reduced maximum at the highest concentrations of Pb. The effect of Pb on seedlings was mitigated by NO donor sodium nitroprusside (SNP). Pre-treatment of seeds with SNP caused amelioration of detrimental effects of heavy metal stress on growth. The oxidative stress induced by Pb elevated malondialdehyde (MDA) content in the seedlings. Nitric oxide decreased MDA content in Pb treated seedlings. Exposure of seedlings to Pb enhanced antioxidant enzyme activities of the seedlings, but exogenous SNP decreased the activities of superoxide dismutase (SOD), catalase (CAT) and peroxidase (POX) in single (SNP) and SNP combined with Pb (Pb+SNP) treatment. Pb induced oxidative stress by enhancing the reactive oxygen species. SNP demonstrated a positive role against Pb toxicity which was evident from decreased activities of antioxidant enzymes. The SNP treatment enhanced plant tolerance against Pb toxicity.
INTRODUCTION
Plants absorb most of the elements from the soil. Some of the engrossed elements are essential because they are required by plants to complete their life cycle. Plants also absorb heavy metals like Pb (Sharma & Dubey 2005) , chromium , mercury (Chen & Yang 2012) , cadmium (Yadav & Singh 2013 , Singh et al. 2005 , and arsenic (Kumar et al. 2015) , which show toxicity at very low concentrations. Heavy metals are present in waste water and runoff in agricultural fields which affect crop metabolism and growth of plants. Heavy metals are defined on the basis of size, density and number of atoms or position in the periodic table. Pb is a highly toxic element that occurs in soil in low concentration. Pb is not found in native form, but it forms complex with other elements in the soil. In soil, Pb contamination increased because of its wide application in gasoline, paints, water pipes, fertilizers, paper making and many other industrial processes (Pallavi & Rama 2005) . Pb is highly immobile and persists for a long duration in the soil. Some plants can tolerate or avoid Pb, but others experience toxicity because it easily affects some metabolic pathways (Wierzbicka 1999) . Pb has low solubility and accessibility for plant uptake (Blaylock & Huang 2000) . It dissolves in water slowly. It precipitates as phosphates and sulphates and is usually transported to different plant parts from soil-rhizosphere (Blaylock & Huang 2006) . Pb has a detrimental effect on plant physiological processes and modifies growth parameters, thus affects growth and productivity. Pb is known to affect the contents of photosynthetic pigments, sugar and protein (Bhardwaj et al. 2009 ). Alteration in pigments influences the biosynthesis of photoassimilates. The detrimental expressions of Pb are in forms of chlorotic spots, senescence, necrotic lesions on the leaf surface, and stunted growth of plants. The various enzymes are inactivated by Pb binding with their SHgroups (Pinho et al. 2012) . Sugars and proteins are energy rich compounds which provide energy for the biosynthesis of compounds required by the plants. Contents of sugar and protein are altered in plant subjected to unfavourable conditions. The plant membrane is the target site of heavy metals. Membrane lipids are oxidised to peroxides and reactive oxygen species are produced. Thus, permeability of the membrane is altered. Reactive oxygen species induces activities of antioxidant enzymes. Nitrate is one of the important forms of nitrogen required in the biosynthesis of amino acids, the building block of protein. The nitrate reductase enzyme which converts NO 3 -into NH 3 or NH 4 + is induced by the substrate. Metabolic changes influence overall plant growth and health. Thus shoot length, pigments viz. chlorophyll and carotenoids, sugar, protein, and activities of nitrate reductase and antioxidant enzymes were taken into consideration in the present study. SNP issued as a source of NO which acts as a signalling molecule. SNP alleviates the drastic effects of metal stress in various plant species. NO is a labile gaseous messenger molecule which involves in various physiological responses, biotic and abiotic stresses like salinity, pathogen attack, drought, herbicides, temperature and heavy metal toxicity (Wendehenne et al. 2005 , Singh et al. 2017 . NO has both detrimental and positive effects on plants depending on its concentration and location in the cells (Leitner et al. 2009 ).
In plant cells in vivo production of NO is nitrate reductase dependent in cytosol (Gill et al. 2013) . NO production, in vivo is due to nitrate reductase enzyme, which converts nitrate into nitrite (Yamasaki & Sakihama 2000) . The NO formation through nitrate reductase has been reported in several plant species (Xu & Zhao 2003) . Plants have several enzymes viz. cytosolic nitrate reductase, nitric oxide synthase and xanthine dehydrogenase involved in NO production (Gill et al. 2013) .
SNP alleviates oxidative stress in Solanum (Singh et al. 2012 ) and other in crops (Gill et al. 2013) . SNP directs various signalling cascade pathways in plant cell (Neill et al. 2003) and initiates diverse hormone signalling pathways (Pagnussat et al. 2004) , Ca ++ dependent stomata closing (Garcia-Mata et al. 2003) and change in gene expression (Hao & Zhang 2010 , Hasanuzzaman et al. 2010 . Exogenous application of SNP mitigates the toxicity of heavy metals like cadmium in rice (Hsu & Kao 2004) , copper , and aluminium (Zhang et al. 2008) and allelochemicals (Singh et al. 2012) . The survey of the literature reveals that there are comprehensive studies on the effect of SNP on Vigna radiata L. seedlings stressed by Pb. The study was undertaken to observe alteration of plant biophysical processes by lead and amelioration of toxic effects by SNP as a growth regulator. Healthy seeds of Vigna radiata L. were selected and surface sterilized with 0.1% HgCl 2 for 5 min and then washed thoroughly with double distilled water (DDW). One set of the seeds was soaked in DDW and other set was soaked in SNP (250 µM) for 3 hours. The fire clay pots (height 7 cm and diameter 21 cm) each filled with 1 kg of garden soil, were divided into two sets. One set of pots was without Pb and other contained varying concentrations of Pb, 0.5g (Pb 1 ), 1g (Pb 2 ) and 2g (Pb 3 ) per kg of soil according to the treatments. The first set was divided into two subsets; in one subset of pots seed soaked in distilled water were sown (C) while in other subset seeds soaked in SNP were sown (SNP). The other set of pots with Pb was divided into two subsets. In one subset of pots DDW soaked seeds were sown and in other subset SNP treated seeds were sown. The experiment was conducted in triplicate in glass house condition. After 14 days first fully expanded leaves of the seedlings were sampled for measurement of biophysical and analyses of biochemical parameters.
MATERIALS AND METHODS

Seeds of
Determination of growth
The seedling growth was measured as shoot length of the plants. The seedlings were uprooted from the pots and washed gently with tap water to remove soil particles. The plants were blotted with filter papers to remove excess of water and measured the length of shoots by using a meter scale.
Photosynthetic pigments
The amount of photosynthetic pigments was quantified following the method of Lichtenthaler (1987) . Fresh leaves (100 mg) of the seedlings were homogenised in 80% (v/v) acetone. The extracts were centrifuged until the supernatant became clear. The absorbance of the resulting solutions was recorded on 663, 645, and 470 nm, spectrophotometrically (Shimadzu single beam UV-visible spectrophotometer-1700). The pigments were quantified by the following formulae:
Chlorophyll a (µg. Where A is the observed OD
Sugar and Protein content
The quantification of total soluble sugar (TSS) was done following Hedge& Hofreiter (1962) . About 50 mg of the sample was homogenized in 3 ml 95% ethanol. After centrifugation 0.1 ml of supernatant was mixed with 4 ml anthrone reagent and heated in water bath at 95ºC temperature and cooled. Absorbance was recorded at 620 nm. The amount of sugar was determined by the standard curve prepared from glucose.
Protein content was determined according to the method of Lowry et al. (1951) . Ten mg of first fully expanded fresh leaves of the plants were homogenized with 1 ml 1 N NaOH for 5 minutes at 100 o C. Five ml of alkaline copper reagent were added to it and the mixture was allowed to stand at room temperature for 10 minutes followed by addition of 0.5 ml of Folin-Ciocalteau reagent immediately in the tube. The absorbance of the solution was measured at 650 nm after 30 minutes. The standard curve of bovine serum albumin was used to calculate the amount of protein.
Lipid peroxidation
Lipid peroxidation was measured as the amount of malondialdehyde (MDA) content determined by thiobarbituric acid reactive substance as described by Heath & Packer (1968) . Fresh leaf (200 mg) was homogenized in 0.1% (w/v) trichloroacetic acid and centrifuged at 10,000g for 10 min. Malondialdehyde level was used as index of lipid peroxidation and was expressed as nmol.g-1 FW. One millilitre supernatant was mixed with 4 ml 0.5% thiobarbituric acid. The mixture was heated at 95°C for 30 min and centrifuged after cooling. The absorbance of the supernatant was recorded at 532 nm and corrected by subtracting the nonspecific absorbance at 600 nm. The MDA concentration was calculated using the extinction co-efficient of 155 mM -1 .cm -1 and expressed as n mol.g -1 FW.
Nitrate reductase activity
Nitrate reductase (NR) activity was measured following the p procedure of Jaworski (1971) . Fresh leaf tissue (250 mg) was incubated in 4.5 ml medium which contained 100 mM phosphate buffer (pH 7.5), 3% KNO 3 and 5% propanol. About 0.4 ml aliquot was treated with 0.3 ml 3% sulphanilamide in 3N HCl and 0.3 ml 0.02% N-1-naphthyl ethylene diamine dihydrochloride. The absorbance was measured at 540 nm. NRactivity was calculated with a standard curve prepared from NaNO 2 and expressed in μmol NO 2 g -1 FW h -1
.
Extraction and assay of activities of antioxidant enzymes
Enzyme extract was prepared by homogenizing leaves with 0.1 M sodium phosphate buffer (pH 7.0) containing polyvinyl pyrrolidone. The homogenate was centrifuged at 4 o C at 15000 g for 30 min in cooling centrifuge (Remi instruments C 24). The supernatant was used for the assay of superoxide dismutase, catalase and peroxidase.
Superoxide dismutase assay
The activity of superoxide dismutase (SOD) was determined by the nitroblue tetrazolium (NBT) photochemical assay following Beyer & Fridovich (1987) . The reaction mixture (4 ml) consisted of 20mM methionine, 0.15mM ethylene diamine-tetra-acetic acid, 0.12 mM NBT, 1.3 M riboflavin, 0.05 M sodium carbonate (pH 10.2) and enzyme extract. Test tubes were exposed to fluorescent lamp for 30 min and identical unilluminated assay mixture served as blank. The photo reduction of NBT (formation of purple formazone) was recorded spectrophotometricallyat 560 nm and compared with blank sample having no enzyme extract. One unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of the reduction of NBT.
Catalase assay
Catalase (CAT) activity was assayed following Cakmak & Marschner (1992) . Assay mixture contained 25 mM potassium phosphate buffer (pH 7.0), (0.2 ml) 10 mM H 2 O 2 and 0.5 ml enzyme extract. .
Peroxidase assay
Peroxidase (EC 1.11.1.7) activity was assayed following McCune & Galston (1959) . Fresh leaf tissue (0.2 g) was homogenized in 0.1 M potassium phosphate buffer (pH 6.0) and centrifuged at 10,0009 g for 20 min at 4ºC. The reaction mixture contained 2.0 ml enzyme extract, 2 ml potassium phosphate buffer, 1.0 ml 0.1 N pyrogallol and 0.2 ml 0.02% H 2 O 2 and determined spectrophotometrically at 430 nm. One unit of enzyme activity was defined as the amount which produced an increase of 0.1 OD per minute.
Statistical analysis
Data represent the mean ± standard errors of results from three data were statistically analysed using analysis of variance (ANOVA) by using SPSS software (Version 16 SPSS Inc., Chicago, IL, USA). The appropriate standard error of means was calculated for presentation with tables and graphs. The treatment means were analysed by Duncan's multiple range test (DMRT) at level of P < 0.05.
RESULTS
Growth
One time pre-soaking of seeds was effective as it caused the significant modification in biophysical and biochemical parameters of Vigna. also recorded the effects of SNP on tomato seeds soaked in SNP for eight hours. Pre-soaking of tomato seeds with SNP solution of 250 µM concentration was effective to cause maximum growth during preliminary experiments (Singh et al. 2012) .
The growth of seedlings was measured in terms of shoot length. Shoot length decreased significantly (P<.05) in treatments with Pb. The decrease of 6, 23 and 34% in shoot length, was recorded in the seedlings with Pb1, Pb2 and Pb3 treatments respectively. Pre-soaking with SNP without Pb enhanced the shoot length of the seedlings by 12.5% as compared with control. The seedlings pre-soaked with SNP and treated with Pb 1 , Pb 2 and Pb 3 showed an alleviation of 3, 14 and 14% in shoot length respectively (Fig. 1A) .
Photosynthetic pigments
The amounts of photosynthetic pigments viz. Chl a, Chl b, total Chl and carotenoids are shown in table 1. The contents of Chl a, Chl b, total Chl and carotenoids declined with graded doses of Pb in Pb 1 , Pb 2 and Pb 3 treatments. The detrimental effect of Pb is evident in Chl a, Chl b, total Chl and carotenoids and decrease of 72, 86, 76 and 88% was recorded in the highest dose of Pb. However in the seedlings pre-soaked with SNP without Pb photosynthetic pigments were greater than that of Pb and control. The Pb treated seedlings pre-soaked with SNP caused significant improvement in Chl a, Chl b, total Chl and carotenoids contents but were always lower than that of control.
Sugar and Protein
Total soluble sugar (TSS) declined by 15, 23 and 36% and protein 20, 48 and 75% in Pb 1 , Pb 2 and Pb 3 treatments respectively as compared with control. Exposure to SNP enhanced TSS and protein contents to 13 and 28% respectively as compared with control ( Fig. 1B-C) . Note: Data are means ± standard error of three replicates. Bars followed by different letters show significant differences at P < 0.05 significance level between treatments according to the Duncan's multiple range test. 
Lipid peroxidation and nitrate reductase activities
The content of MDA increased significantly in the seedlings treated with graded concentrations of Pb. The lipid peroxidation (LP) increased by 72, 115 and 174% in the seedlings under Pb 1 , Pb 2 and Pb 3 treatments respectively. MDA content in SNP treated seedlings decreased to 53% as compared with control. SNP caused a decrease in the level of MDA content in the seedlings under the influence of Pb as compared with treatments with the respective concentration of Pb but was always higher than that of control (Fig. 1D) .
The nitrate reductase activity in the leaves of Vigna seedlings was affected by Pb. The activity of NR decreased in dose-dependent manner. The maximum 45% inhibition of NR was recorded in the seedlings treated with Pb 3 . Maximum 15% increase in NR activitywas recorded in the seedlings preexposed to SNP. The activities of NR enhanced by 8.7,18 and 20% in the seedlings pre exposed to SNP in Pb 1 , Pb 2 and Pb 3 treatments respectively (Fig. 2a) .
Activities of antioxidative enzymes
The result pertaining to the activities of antioxidative enzymes viz. superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) in leaves are presented in figure 2B -D. The activities of SOD, CAT and POD increased in treatments with Pb in concentration dependent manner. The activities of SOD increased by 25, 67 and 87% CAT by 49, 76 and 145% and POD by 17, 34 and 64%, in the seedlings exposed to Pb 1 , Pb 2 and Pb 3 treatments respectively. The activities of antioxidant enzymes recorded at the lowest level in the seedlings, pre treated with SNP. The activities of antioxidative enzymes exhibited a significant reduction in the seedlings grown from the seeds pre-treated with SNP and exposed to Pb. The exposure of seedlings to SNP declined the activities of SOD, CAT and POX by 9, 20 and 12% respectively. 
DISCUSSION
Growth is the key factor for evaluating plant responses to various biotic and abiotic environmental stresses. The growth of the seedlings decreased significantly as the concentration of Pb increased. The growth reduction may be due to decrease in photosynthetic pigments and increased lipid peroxidation. Singh et al. (2003) also reported decrease in growth parameters of Vigna radiata under lead stress. The inhibition in growth parameters by Pb stress has been observed in various plant species as a consequence of deregulation of various primary physiological and metabolic processes (Singh et al. 1997a, b) . Exogenous SNP appears to provide protection to plant against Pb toxicity which is evident from increased plant growth. The application of exogenous SNP significantly (P<0.05) mitigated Pb toxicity.
The photosynthetic pigments in Pb treated seedlings decreased progressively with increased concentration of Pb. Reduction in the content of Chl and carotenoids in the seedlings under stress induced by Pb may be due to the inhibitory effect of Pb on the enzyme which involved in pigment biosynthesis. Pb stress, either inhibited biosynthesis or stimulated degradation of photosynthetic pigments. The decrease in chlorophyll contents resulted in decreased biomass production and inhibition of seedling growth. The Pb toxicity affected various biochemicals, morphological and physiological processes which caused stunted plant growth (Wang et al. 2003) . According to Pinho et al. (2012) Pb deactivates several enzymatic processes by binding with SH-groups causing impairment of metabolic activities which may be responsible for reduced plant growth.
The present study showed that Pb decreased protein content. The decrease of protein content may be due to inhibition of protein synthesis or degradation of protein (Palma et al. 2002) . Costa & Spitz (1997) recorded decrease in protein content in Lupinus albus under heavy metal stress. Oxidative stress caused by Pb may be another possible reason for the decrease of protein content (Bharwana et al. 2013) . Exogenous supply of SNP increased protein concentration (Hsu & Kao 2004) . The heavy metal in plants caused impairment of metabolic activities which gradually decreased sugar contents. The decreased photosynthetic pigments inhibited photosynthetic activity which reduced sugar content (Hussain et al. 2013) . According to Stiborova et al. (1987) heavy metals interact with ribulose biphosphate carboxylase reactive centre and show the negative impact by inhibiting the carboxylation. Our results reveal that photosynthetic pigments, total soluble sugar and protein content decreased in presence of Pb. These findings are in agreement with Bhardwaj et al. (2009) . Heavy metal stress elevated the level of MDA. Impaired metabolic activities caused by Pb resulted in the generation of reactive oxygen species which enhanced oxidative stress leading to lipid peroxidation and membrane damage. In the present study higher concentration of Pb (2g.kg -1 ) increased MDA content to the maximum. Increase in MDA content was also recorded by Mroczek-Zdgrka & Wojick (2012) in Pb treated Vicia faba seedlings. Differential reduction in MDA content is evident in treatment with SNP. The decreased MDA content was also observed in wheat seedlings treated with SNP (Singh et al. 2008) . NO is known to inhibit ion leakage and protect plants tissue against membrane damage by lipid peroxidation (Beligini et al. 2002 ). This appears that SNP protects membrane from damage caused by Pb stress. Nitrate reductase activity decreased in higher concentration of Pb. NR activity may also be inhibited by the NADH regulated supply of NO 3 -at the site of enzyme synthesis (Burzynski & Grabowski 1984 , Dabas 1992 ).
Nitrate reductase is the substrate induced enzyme. Decreasein NR activity may be due to restricted supply of NO 3 -to the roots. Pb appears to interfere with absorption of NO 3 -from the soil. It may ensure the absorption of NO 3 -to the roots and increases NR activity to the maximum.
Plants have antioxidant defence systems to maintain their growth and health. Plants face oxidative damage when exposed to Pb and various heavy metals (Bharwana et al. 2013) . Plants develop a machinery of antioxidant system to prevent the oxidative damage. In the present study activities of antioxidative enzymes like SOD, CAT and POD increased in the seedlings under Pb stress. Heavy metals increase the activities of SOD in Avena sativa L. (Luna et al. 1994) and Oryza sativa L. (Verma & Dubey 2003) . This evinced over production of ROS in the seedlings under the influence of Pb stress.
The SNP is known to increase or decrease the activities of antioxidant enzymes. According to Zhang et al. (2008) SNP enhanced the activities of antioxidants. Plants have antioxidant potential to scavenge ROS and have greater stress tolerance (Ashraf & Akram 2009 ). Exogenous NO decreased the activities of antioxidant enzymes, levels of H 2 O 2 and MDA in the maize plants exposed to saline stress (Kaya et al. 2015) . In the present study decreased activities of antioxidant enzymes on the application of SNP showed that plant mitigated the Pb stress to maintain plant health. Thus NO by decreasing the activities of antioxidant enzymes prevented the energy diversion from the biosynthesis of antioxidative enzymes and thus supported plant growth. Decreased activity of SOD may be correlated with decreased level of lipid peroxidation and enhanced level of photosynthetic pigments. These alterations protected plants against oxidative stress in various stress conditions (Laspina et al. 2005 , Hung & Kao 2003 . The decreased activity of SOD reflects that the production of ROS (O 2 -) is low due to the action of NO (Caro & Puntraulo 1998) . Plants pre-treated with SNP in different concentrations (100 and 200 µM) decreased POD activity (Ferreir et al. 2010) . SNP inhibits activities of CAT and POD in Nicotiana tabacum (Clark et al. 2000) . Xiong et al. (2010) reported that rice seedlings pre-treated with NO decreased ROS production and prevented Pb dependent negative impacts. It is evident that SNP inhibits production of ROS and regulates the activities of antioxidant enzymes. In plants, the growing in normal environmental condition the production of ROS corresponds to the activities of antioxidant enzymes. SNP buttresses the defence system of Vigna seedlings treated with Pb. Concentration dependent increase in SOD activities was recorded in Pb. POD and CAT detoxify H 2 O 2 produced by the activities of SOD. CAT appears to play a major role in detoxification of H 2 O 2 produced in response to Pb treatment of Vigna seedlings. SNP decreased the activities of antioxidant enzymes in Pb treated seedlings. Thus, SNP prevents the energy diversion required to increase the activities of antioxidant enzymes. The SNP appears to mitigate the toxic effect of Pb on the Vigna seedlings.
CONCLUSION
In the present study, SNP appears to play a significant role to improve growth and development of the Vigna seedlings exposed to the Pb stress. It is evident that Pb decreased growth, pigments, sugar, protein and nitrate reductase activity and adversely affected the metabolism of the seedlings. The increase in MDA content is an index of oxidative stress caused by Pb. The activities of antioxidant enzymes SOD, CAT and POD were stimulated to cope with the oxidative stress caused by Pb. SNP mitigated the Pb toxicity and played important role to buttress antioxidant defence system. Exogenous application of SNP protected Vigna radiata L. seedlings against Pb toxicity.
